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INTRODUCTION 
Pro jec ted  p lans  ca l l  f o r  t h e  m o d i f i c a t i o n  o f  t h e  l a n g l e y  8-Foot High-Temperature 
Tunnel (8-ft  HTT) i n  o r d e r  t o  p r o v i d e  a t e s t  medium s u i t a b l e  f o r  h y p e r s o n i c ,  a i r -  
b rea th ing -eng ine  s tud ie s  ( r e f s .  1 and 2 ) .  As presently  configured,  methane  gas i s  
burned i n  a i r  under  pressure and the products  of  combust ion are expanded through an 
axisymmetr ic ,  conical  contoured nozzle  with an exi t  diameter  of 8 f t  t o  produce a 
nominal Mach 7 flow i n  t h e  t es t  sec t ion .  However, because of the reduced oxygen 
c o n t e n t   i n   t h e  t e s t  medium, t h e   f a c i l i t y  i s  n o t  c u r r e n t l y  s u i t a b l e  f o r  a i r - b r e a t h i n g -  
propuls ion  tes t ing .  The proposed modification would i n c r e a s e  t h e  oxygen concentra- 
t i o n   o f   t h e  a i r  go ing  in to  the  combus to r  s o  as t o  p rov ide  the  same oxygen concentra- 
t i o n  as  normal a i r  i n   t h e  t es t  medium. 
The maintenance of equivalent a i r  i n   t h e  t e s t  s e c t i o n  i s  very  impor tan t  for  
successful  hypersonic-vehicle  development  s tudies .  Too much oxygen may damage t h e  
engine, and too little oxygen w i l l  resul t  in  reduced impulse.  Because of  l imited run 
time of t h e  f a c i l i t y  (as  l i t t l e  a s  20  sec f o r  some c o n d i t i o n s ) ,  a fas t - response 
(Response t i m e  < 1 percent  of  the  tunnel  run  t i m e )  oxygen monitor ing and control  
system i s  required.  
The methane oxidat ion react ion in  oxygen-enriched a i r  can be wri t ten as  
follows: 
n(CH ) + m ( 0 2 )  + Air -n(CO ) + 2n(H20) + ( m  - 2 n ) ( 0  ) + Air + Heat ( 1 )  
4 2 2 
~~ Input  channel  Chtput  channel 
To p roduce  the  h ighes t  t empera tu re  in  the  ou tpu t  channe l ,  t he  amount of O2 added t o  
t h e  i n p u t  c h a n n e l  s h o u l d  b e  j u s t  s u f f i c i e n t  t o  f u l l y  o x i d i z e  t h e  CH4 gas. However, 
t o  make t h e  O2 mole f r a c t i o n  i n  t h e  o u t p u t  c h a n n e l  t h e  same as  i n  normal a i r  - 
namely, 0.2095 - it w i l l  be necessa ry  to  add  ex t r a  O2 t o  t h e  i n p u t  c h a n n e l  ( r e f .  5 ) .  
From equat ion ( I ) ,  it i s  e a s i l y  s e e n  t h a t :  
m/n = 2.795, i f  no H20 is  removed from the output  channel .  
m/n = 2.265, if a l l  H 0 i s  removed from the output  channel .  
m/n = 2.265 + 0.265(P3/n), i f  only par t  o f  t he  H20 i s  removed from t h e  
2 
output   channel ,  where P3 i s  t h e  pa r t i a l  
pressure  of  H 2 0  vapor i n   t h e  t e s t  gas. 
'Actually, the combustion of methane i n  oxygen-enriched a i r  i s  a much more 
cor rp lex  process  than  tha t  ind ica ted  by e q u a t i o n  ( I ) .  F u r t h e r  d e t a i l s  o f  t h i s  p r o c e s s  
can be found i n  r e f e r e n c e s  3 and 4. However, equat ion ( 1 ) is adequate f o r  t h e  
purpose of d e s c r i b i n g  t h e  r e q u i r e m e n t s  f o r  a n  oxygen s e n s o r   i n   t h e  present study. 
This  r epor t  desc r ibes  the  development and t e s t i n g  of a proposed fast-response 
oxygen moni tor ing  and  cont ro l  sys tem for  use  in  the  modi f ied  8- f t  HTT. 
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doubly negatively charged oxygen ion 
e l e c t r o n  
ma themat i ca l  cons t an t ,  cha rac t e r i s t i c  o f  t he  ce l l  and  i t s  ope ra t ing  
temperature 
c e l l  c o n s t a n t ,  a func t ion  of t h e  t o t a l  p r e s s u r e  i n  t h e  ce l l  c a v i t y  
Faraday constant 
t o t a l  g a s  p r e s s u r e  i n  c e l l  c a v i t y  
p a r t i a l  p r e s s u r e  of oxygen i n  t h e  r e f e r e n c e  g a s  
p a r t i a 1 , p r e s s u r e  of oxygen i n   t h e   t e s t   g a s  
p a r t i a l  p r e s s u r e  o f  H 2 0  vapor i n  t h e  t e s t  g a s  
gas  constant  
absolute  temperature  
t ime constant  
OXYGEN MONITORING SYSTEM 
Oxygen Sensor Selection 
We h a v e  i n v e s t i g a t e d  t h e  a p p l i c a b i l i t y  of  e lec t rochemica l  sensors  ( re fs .  6 
and 7 )  for measuring oxygen concent ra t ion  i n  t h e  t e s t  s e c t i o n  of  the  8- f t  HTT. These 
sensors  a re  idea l ly  su i ted  for  h igh- tempera ture  appl ica t ions .  The most frequently 
used electrochemical oxygen de tec to r s  a re  the  so l id - s t a t e  ce ramic  ox ide  dev ices ,  such  
a s  Z r O  and  Ti02  sensors  ( re fs .  8 and 9) .  The Z r O Z  device i s  based on the  Nerns t  
equat ion,  which r e l a t e s  t h e  oxygen p a r t i a l  p r e s s u r e s  on i t s  oppos i t e  s ides  wi th  the  
vol tage   po ten t ia l   d i f fe rence   deve loped   across  them. The T i 0  sensors ,  on t h e  o t h e r  
hand, a re  based  on t h e  p r i n c i p l e  t h a t  t h e  i n t r i n s i c  r e s i s t i v l t y  of T i 0 2  i s  a func t ion  
of  the oxygen c o n c e n t r a t i o n  i n  t h e  t e s t  g a s .  Of t h e s e  two types ,  Z r 0 2  s e n s o r s  a r e  
f a s t e r  and  more dependable i n  t r a n s i e n t  combustion environments (refs. 10  t o  1 4 ) .  
The recommended operat ing temperature  range for  Z r O  sensors  i s  6OOOC t o  850oC 
( r e f s .  8 and 9).  The high operat ing temperature  i s  n e c e s s a r y  i n  o r d e r  t o  p r o d u c e  t h e  
v a c a n c i e s  t h a t  e f f e c t  t h e  oxygen ion  d i f fus ion  th rough  the  senso r  d i sc .  
2 
2 
2 
Figure 1 i l l u s t r a t e s  t h e  t h e o r y  of operation of the Z r 0 2  oxygen sensor .  The 
Sensor i s  made of a high-temperature, Y203-stabilized Z r 0 2  c e r a m i c  e l e c t r o l y t e  d i s c  
coated with porous plat inum electrodes on both  s ides .  The p l a t i n u m  e l e c t r o d e s  a r e  
porous enough to  pe rmi t  r eady  d i f fus ion  of  gases  through them. Oxygen, o r  a n  oxygen- 
containing gas such as a i r ,  i s  s u p p l i e d  t o  one s i d e  o f  t h e  d i s c  a n d  t h e  t e s t  gas i s  
2 
suppl ied  t o  the  o the r  s ide .  Oxygen molecules  arr iving a t  t h e  h e a t e d  e l e c t r o d e  are 
dissociated and converted t o  doubly charged oxygen ions,  with the platinum electrode 
p r o v i d i n g  t h e  n e c e s s a r y  e l e c t r o n s ;  t h a t  is ,  
O 2  
- 20- - 4e - - 
The O= i o n s  combine with the vacancies  and diffuse through the heated ceramic disc  t o  
t h e  o t h e r  s i d e  where they 
t r o d e   t a k i n g  up t h e   e x t r a  
When the  concen t r a t ion  of 
c o n v e r t  t o  n e u t r a l  O2 molecules ,  with the plat inum elec- 
e l e c t r o n s ;  t h a t  is ,  
oxygen i s  d i f f e r e n t  on t h e  two s i d e s  of t h e  d i s c ,  more 
oxygen ions migrate  f rom the high-oxygen-concentration s i d e   t o   t h e  low-oxygen- 
concent ra t ion  s ide .  This ion f low provides  an electronic  imbalance which r e s u l t s  i n  
a vo l t age  d i f f e rence  between t h e  two p la t inum e lec t rodes .  The vo l t age  d i f f e rence  i s  
a func t ion  of the  d isc  tempera ture  and  the  oxygen p a r t i a l  p r e s s u r e s  on t h e  two s i d e s  
of t h e  d i s c .  The v o l t a g e  d i f f e r e n c e  is  given by the  Nerns t  equat ion  ( re fs .  6, 7, 
and I O )  : 
where 
E vo l t age   d i f f e rence   ac ross   t he  two s i d e s  
R gas   const nt  
T2 temperature of t h e  t e s t  g a s  
F Faraday  const nt 
p a r t i a l  p r e s s u r e  of oxygen i n  t h e  r e f e r e n c e  g a s  
p2 p a r t i a l  p r e s s u r e  of oxygen i n   t h e  tes t  gas 
temperature  of t he  r e fe rence  gas  
If t h e  t e s t  g a s  i s  a t   t h e  same t o t a l  p r e s s u r e  a n d  t e m p e r a t u r e  a s  t h e  r e f e r e n c e  g a s ,  
t h i s  e q u a t i o n  r e d u c e s  t o  t h e  f o l l o w i n g  form: 
RT I n  - p 1  E = -  4F P 
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However, i n  p r a c t i c e  t h e  t e m p e r a t u r e  a n d  p r e s s u r e  a r e  u s u a l l y  n o t  e x a c t l y  e q u a l  o n  
t h e  two s i d e s  of the sensor .  Furthermore,  the sensor  matr ix  has  impuri t ies  and 
3 
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imperfec t ions  which  a l so  prec lude  d i rec t  use  of  equat ion  (4b) .  A more p r a c t i c a l  
r e l a t i o n s h i p  between the  senso r  ou tpu t  and  the  oxygen p a r t i a l   p r e s s u r e s  on t h e  two 
s i d e s  i s  given by the fol lowing equat ion:  
where 
A 
T 
C ( P )  
mathematical  constant 
Zr02 d isc  tempera ture  
ce l l  cons t an t  (de t e rmined  by c a l i b r a t i o n  w i t h  known gas mixtures a t  
known p r e s s u r e s )  
Because of t he  ex t r eme  sens i t i v i ty  of t he  Nerns t  vo l t age  to  the  Z r 0 2  d i s c  t e m -  
pe ra tu re ,  it is  n e c e s s a r y  t o  u s e  a feedback loop - based on a thermocouple signal - 
t o  ma in ta in  the  senso r  t empera tu re  a t  a constant ,  high level  of  843OC. A N i C r / N i A l  
thermocouple i s  used t o  monitor  the temperature  of t h e  Z r 0 2  sensor .  An e r r o r  s i g n a l ,  
generated by comparing the thermocouple  s ignal  with a predetermined s e t   p o i n t ,  is  
then  used  to  main ta in  the  sensor  a t  843OC. 
Oxygen Sensor  Cal ibrat ion 
I n i t i a l l y  t h e  Z r 0 2  oxygen sensor  was ca l ibra ted  us ing  var ious  mixtures  of  
N 2  + O2 a t  room temperature.  Figure 2 shows  a schematic diagram of the experimental  
system  used t o  d e v e l o p  t h e  c a l i b r a t i o n  g r a p h s  i l l u s t r a t e d  i n  f i g u r e  3. Figure  4(a)  
shows how t h e  s e n s o r  o u t p u t  v a r i e s  w i t h  t h e  t o t a l  p r e s s u r e  i n  t h e  s e n s o r  c a v i t y .  The 
i n c r e a s e  i n  t h e  s e n s o r  o u t p u t  w i t h  i n c r e a s i n g  p r e s s u r e  r e f l e c t s  t h e  e f f e c t s  o f  
i nc reas ing  oxygen p a r t i a l  p r e s s u r e  a s  w e l l  a s  s l i g h t  c h a n g e s  i n  t h e  c e l l  c o n s t a n t  
C ( P ) .  Figure  4(b) shows how C ( P )  c h a n g e s   w i t h   t h e   t o t a l   c e l l   c a v i t y   p r e s s u r e .  It 
i s  apparent  tha t  the  predominant  cause  of i nc reas ing  senso r  ou tpu t  w i th  inc reas ing  
cav i ty  p re s su re  i s  t h e  oxygen p a r t i a l  p r e s s u r e  i n c r e a s e .  F i g u r e  5 shows the  r e sponse  
t ime of t h e  oxygen  sensor. From t h e s e  figures, it i s  e v i d e n t  t h a t  ( 1 )  t h e  s e n s o r  
output  i s  near ly  l inear ly  dependent  on t h e  oxygen concent ra t ion  i n  the range of  
20.95 f 3.0 percent  oxygen, ( 2 )  t h e   c e l l   c o n s t a n t  C ( P )  is  essent ia l ly   independent  
of t h e  t o t a l  p r e s s u r e  i n  t h e  p r e s s u r e  r a n g e  i n v e s t i g a t e d ,  a n d  ( 3 )  t h e  mean sensor  
response  t ime  defined by the   t ime  cons tan t  TD i s  l e s s   t h a n  1 sec. The experimental  
system was then modif ied t o  include the hydrocarbon combustion products i n  t h e   t e s t  
gas stream. Figure 6 shows the modified experimental  system which introduced oxygen 
a f t e r  t h e  combustion process. A cold-water  t rap was in t roduced  i n  t h e  tes t  c i r c u i t  
t o  ensu re  tha t  t he  l i qu id -phase  H 0 vapor s2  in  the  CH4-02-air combustion products 
d id  no t  en te r  t he  oxygen senso r  cav i ty .  It a l s o  h e l p s  t o  more closely approximate 
the expansion of combustion gases into the wind t u n n e l  t e s t  s e c t i o n ,  a s  i n d i c a t e d  
2 
'The gas phase water vapor  does  not  a f fec t  the  opera t ion  of  the  sensor .  
However, l i qu id  phase  water vapor can cause thermal shock. Keeping the t e s t  gas 
t r a n s p o r t  l i n e  h o t  c a n  e l i m i n a t e  t h i s  problem. 
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later. The sensor  output  w a s  s t u d i e d  as a func t ion  o f  va r i ab le  oxygen in f low ra t e s .  
Again, t he  senso r  ou tpu t  w a s  observed t o   v a r y   l i n e a r l y   w i t h   t h e  oxygen concent ra t ion  
i n   t h e   r a n g e  of 20.9 & 3.0 percent  oxygen  and  the  ce l l  response  t i m e  w a s  < 1 sec. 
F ina l ly ,  the  exper imenta l  sys tem was modified so t h a t  a c o n t r o l l e d  amount o f  
oxygen gas  was i n t r o d u c e d   i n   t h e  a i r  p r i o r   t o  methane combustion, a s  would b e   t h e  
c a s e  i n  t h e  combustor of t h e  wind tunnel .  Figure 7 shows the schematic diagram of 
t h e  new system.  Coverage  of t h e  same oxygen concentrat ion range as was used t o  
ob ta in  the  ca l ib ra t ion  g raphs  shown i n   f i g u r e  3 n e c e s s i t a t e d  a flame sustenance w e l l  
beyond a r a t i o  o f  O2 flow rate t o  CH4 f law rate of 2.0. A new type  of burner, 
i l l u s t r a t e d   i n   f i g u r e  8, w a s  des igned  and  cons t ruc ted  a f te r  it w a s  found t h a t   t h e  
s t r a igh t - s t em burne r  cou ld  no t  sus t a in  a flame beyond a ra t io  of O2 flow rate t o  CH4 
f low rate  of  approximately 1.7. This new burne r  sus t a ined  the  f l ame  w e l l  beyond t h e  
d e s i g n  r a t i o  of 2.0. T y p i c a l  r e s u l t s  o b t a i n e d  w i t h  t h i s  b u r n e r  are summarized i n  
t a b l e  I. All subsequent tests were conducted with this  burner .  
A f t e r  c h e c k i n g  t h e  b u r n e r  o p e r a t i o n  f o r  r a t i o s  o f  O2 flow rate t o  CH4 f l ow ra t e  
i n  t h e  r a n g e  o f  0 t o  2.5, t h e  02-to-CH4 f low-rate  ra t io  was a d j u s t e d  t o  p r o d u c e  t h e  
same oxygen sensor  output  as ob ta ined  wi th  the  room a i r .  The combustion system was 
allowed t o  r u n  f o r  a b o u t  1 hour and i t s  output  w a s  recorded on a s t r i p   c h a r t  
recorder. The ou tpu t  s t ayed  r easonab ly  cons t an t  a t  -20.75 f 0.16 mV a s  shown i n  
f i g u r e  9. 
I n  o r d e r  t o  v e r i f y  t h a t  t h e  oxygen concent ra t ion  of  the  products  of  the  CH4-02- 
a i r  combustion which produced oxygen sensor output equal t o   t h a t   f o r   a i r  w a s  indeed 
t h e  same a s   i n   t h e  room a i r ,  samples of room a i r  and the exhaust gas were analyzed 
us ing  a gas  chromotograph. The r e s u l t s  a r e  summarized i n  t a b l e  11. The oxygen  con- 
c e n t r a t i o n  i n  t h e  e x h a u s t  g a s  i s  e q u a l  t o  t h a t  i n  t h e  r e f e r e n c e  a i r ,  conf i rming  the  
r e l i a b i l i t y  of ope ra t ion  of t h e  oxygen monitoring system. 
Sensor Response Time 
As i nd ica t ed  p rev ious ly ,  t he  oxygen-monitoring-system response t i m e  f o r   t h e  
sudden switch of ambient-temperature N2 + O2 m i x t u r e  t o  a i r  was l e s s  t h a n  1 sec. 
Although t h i s  may be  adequate  for  some a p p l i c a t i o n s ,  it i s  still t o o  l a r g e  f o r  t h e  
p re sen t   app l i ca t ion ,   where in   t he   t o t a l   ava i l ab le   expe r imen ta l  t i m e  is  = l  minute. It 
would be highly desirable i f  t h e  s e n s o r  r e s p o n s e  t i m e  could be reduced t o  0.1 t o  0.2 
sec.  The i n t r i n s i c  Z r 0 2  sensor  response t i m e  i s  r epor t ed ly  of t h e  o r d e r  of a few 
t e n s  o f  mi l l i s econds  ( r e f s .  8 and 9) and i s  t h u s  n o t  a d e t e r m i n i n g  f a c t o r  i n  t h e  
overal l  sensor  assembly response t i m e .  The f o l l o w i n g  f a c t o r s  c o n t r o l  t h e  Z r 0 2  s enso r  
response time: 
1. Tempera ture  sens i t iv i ty  of  the  Nerns t  vo l tage  across  the  Z r 0 2  sensor  
2. T ime  t o  f l u s h  o u t  g a s  f r o m  t h e  s e n s o r  c a v i t y  
In order t o  a v o i d  t h e  i n c r e a s e  of the  sensor  response  t i m e  caused by t h e  c o o l i n g  
e f f e c t  of t h e  room-temperature t e s t  g a s  a r r i v i n g  a t  t h e  s e n s o r  disc, t h e  t e s t  gas  w a s  
p r e h e a t e d  t o  a b o u t  t h e  same temperature  as t h e  s e n s o r  d i s c  (-843OC). The sensor  
c a v i t y  was reduced i n  volume t o  less than  1 cm3. Also, t h e  t e s t  g a s  w a s  in t roduced  
from the  top  o f  t he  cy l ind r i ca l  cav i ty  and  a l lowed  t o  escape through a 0.5-m-wide 
c i rcumferent ia l  gap  about  0.5 mm above t h e  d e t e c t o r  mount top .  This arrangement 
a l lowed quick  f lush ing  of  the  gases  f rom the  de tec tor  cavi ty  as w e l l  as exposure of 
t h e  e n t i r e  d e t e c t o r  f a c e  t o  t h e  t e s t  g a s .  F i g u r e  10 shaws t h e  t e s t  g a s  p r e h e a t i n g  
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arrangement.  Figure 11  shows a schematic  diagram  of  the  modified  sensor  cavity.  A 
complete oxygen sensor assembly - i nc lud ing  the  bu rne r ,  hea t ed  tes t  g a s ,  t r a n s p o r t  
tubings,  and associated readout  components - i s  shown i n  f i g u r e  12. 
Figure 13 shows typ ica l  s enso r - r e sponse - t ime  r e su l t s  fo r  va r ious  N 2  + O2 mixture 
t o   a i r  changes obtained by using the modif ied experimental  arrangement .  The 
N~ + 0 t o  a i r  changes were e f f ec t ed  a lmos t  i n s t an taneous ly  by using three-way elec- 
t r ic  solenoid valves .  Therefore ,  the observed response t imes approached the t r u e  
response t i m e  o f  t he  O2 detect ion element .  The experimentally measured overall  sys- 
t e m  response t imes were of t h e  o r d e r  of 0.2 sec. 
2 
OXYGEN CONTROL SYSTEM 
Having developed an oxygen monitoring system with a response t ime of t h e  o r d e r  
of 0.2 s e c ,  a t t e n t i o n  was directed towards developing a c i r c u i t  f o r  c o n t r o l l i n g  t h e  
oxygen concent ra t ion  of  the  reac ted  tes t  gases .  F igure  14 shows a schematic diagram 
of t h e  c o n t r o l  c i r c u i t  d e v e l o p e d  f o r  t h i s  p u r p o s e .  A v o l t a g e  s i g n a l  e q u a l  t o  t h e  
senso r  ou tpu t  fo r  no rma l  a i r  - o b t a i n e d  j u s t  p r i o r  t o  t h e  b e g i n n i n g  o f  t h e  t u n n e l  
run - i s  a p p l i e d  t o  o n e  s i d e  o f  t h e  summing a m p l i f i e r  a n d  t h e  t e s t  g a s  s i g n a l  - 
obta ined  dur ing  the  tunnel  run  - i s  a p p l i e d  t o  t h e  o t h e r  s i d e .  The d i f f e rence  
between t h e s e  two s i g n a l s  is  amplif ied by a f ac to r  o f  100 .  The r e s u l t i n g  e r r o r  s i g -  
n a l  - a f t e r  a p p r o p r i a t e  a t t e n u a t i o n  a n d  w i t h  a p p r o p r i a t e  p o l a r i t y  change - i s  made 
a v a i l a b l e  t o  t h e  oxygen control  system. The e r ro r  s igna l  app l i ca t ion  can  be  de l ayed  
by a p e r i o d  e q u a l  t o  t h e  s e t t l i n g  t i m e  f o r  t h e  i n i t i a l  oxygen  spray  ra te  se t t ing .  
Provisions have been made fo r  con t inuous  v i sua l  d i sp l ay  o f  t he  t e s t  gas  s igna l  ou tpu t  
a s  w e l l  a s  t h e  e r r o r  s i g n a l ,  i n d i c a t i n g  how f a r  o f f  t h e  normal a i r  t h e  t e s t  g a s  com- 
p o s i t i o n  is. I f  the  e r ror  s igna l  reaches  the  25-percent  mark, an alarm i s  sounded 
and an emergency tunne l  shutdown s i g n a l  is  provided. The oxygen- l imi t  a la rm c i rcu i t  
is  shown i n  f i g u r e  15. 
The control  system has been tes ted i n  t h e  l a b o r a t o r y  u s i n g  s i m u l a t e d  e l e c t r i c a l  
s igna l s  co r re spond ing  to  va r ious  N 2  + 0 2  mixtures and c ~ ~ - O ~ - a i r  combustion product 
gases  as t h e   t e s t  media, and it has been found t o  p e r f o r m  a c c o r d i n g  t o  
s p e c i f i c a t i o n s .  
INTEGRATION OF OXYGEN MONITORING AND CONTROL SYSTEMS 
The oxygen mon i to r ing  and  con t ro l  c i r cu i t s  have  been  in t eg ra t ed  to  p rov ide  a 
compact monitoring and control system for the Langley 8-Foot High-Temperature Tunnel. 
Figure 16 shows  a schematic  diagram of  the overal l  sys tem assembly. A n  Apple I1 
microcomputer  provides  running information about  the var ious cr i t ical  f low rates ,  
sensor  cavi ty  pressure,  sensor  temperature ,  sensor  vol tage output ,  and error  s ignal .  
The integrated monitor ing and control  system has been successful ly  tes ted in  the 
l abora to ry  fo r  va r ious  N 2  + O2 mixtures and CH4-O2-air combustion product gases. The 
CH4-02-air  combustion product laboratory results should be directly applicable t o  t h e  
wind tunnel  tes t  sec t ion  cond i t ions .  The use  of  the  co ld-water  t rap  in  the  labora-  
t o r y  tests approximates - i n  a n  e s s e n t i a l  way - t he  changes  in  the  r eac t ed -gas  compo- 
s i t i o n  t h a t  o c c u r  when it expands i n t o  t h e  wind tunne l  t es t  s e c t i o n  ( r e f .  1 5 ) .  
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CONCLUDING REMARKS 
A system for  monitor ing and control l ing the oxygen concen t r a t ion  in  CH4-02-air  
combustion product gases in the Langley 8-Foot High-Temperature Tunnel has been 
designed  and  tested i n  t h e  l a b o r a t o r y .  The oxygen sensor  is Y 0 - s t ab i l i zed  Z r 0 2  
ceramic disc  maintained a t  843OC. The overall  system response tlme has  been  reduced 
to  abou t  0.2 sec ( ( 1  percent   tunnel   run t i m e ) .  When t h e  tes t  gas oxygen concentra- 
t i o n  d i f f e r s  from the  normal air concent ra t ion  by 25 percent  or more, an audio alarm 
is sounded  and  an  emergency  tunnel  shutdown  signal is provided. The labora tory  tests 
of the prototype system have been quite successful.  
2 3  
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TABLE I.- OXYGEN SENSOR  OUTPUT AS A  FUNCTION  OF  RATIO OF O2 FLOW RATE To CH4 
FLOW RATE IN THE C H ~ - O ~ - A I R  COMBUSTION  PROCESS^ 
[Ref. gas ( a i r )  flow ra t e  of 1 ooo cm3/min a t  760 t o r r ]  
CH4 f low rate ,  
cm’/min 
(b)  
0 
0 
207 .O 
207 .O 
207 .O 
207 .O 
207 .O 
207 -0  
207 .O 
207 .O 
207 .O 
207 .O 
207 .O 
1 2 0 7 . 0 1  
207 .O 
207 .O 
207 .O 
207 .O 
207 .O 
193.2 
179.4 
162.2 
- ~~ ” 
O2 f low rate ,  
cm’/min 
( C  1 
0 
0 
119.3 
164.9 
199.8 
239.6 
279.4 
303.6 
336.6 
375.4 
400.6 
438.4 
480.2 
1 4 8 8 . 5 1  
499.6 
509.3 
548 -1  
584.9 
480  -2 
480.2 
480  -2 
480.2 
O2 flow r a t e  
CH4 flow rate 
I 
m/n 
0 
0 
0.58 f 0.03 
0.97 f 0.04 
1 .16 f 0.04 
1.35 f 0.05 
1 .47 f 0.05 
1.63 f 0.05 
1 .81 f 0.05 
1.94 f 0.06 
2.12 f 0.06 
0.80 f 0.04 
2.32 f 0.06 
“J 
2.41 f 0.06 
2.46 f 0.07 
2.65 f 0.07 
2.83 f 0.07 
2.32 f 0.06 
2.49 f 0.07 
2.68 f 0.08 
2.96 f 0.09 
Air f low rate ,  
cm’/min 
1700 
1700 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
~ 
Test gas pressure 
i n   c e l l   c a v i t y ,  
P, t o r r  
755.8 
749.5 
748.9 
749.1 
749.1 
749.1 
749.2 
749.3 
749.3 
749.3 
749.3 
749.4 
749.4 
749.5 
749.5 
749.5 
749.5 
749  -6 
749.4 
749.7 
750 .O 
750.3 
cell output # 
mV 
-20.75 1 - 2 0 . 5 6 1  - A i r  
+60.67 
+13.65 
+ 4.85 
- 1 .65 
- 6.31 
- 8.91 
-1 1 .70 
-14.40 
-1 6.04 
-1 8 -03 
-20 .oo 
1-20.561 = A i r  
-20.75 
-21 .30 
-22.85 
-24.15 
-20 .oo 
-21.20 
-22.40 
-23.80 
aOf the exhaust gases, 1700 cm3/min (a i r  equiva len t )  w e r e  drawn through the O2 sensor 
bError value of k3.5  cm3/min. 
‘Error value of f 5  -0 cm3/min. 
%he value which gave a s i g n a l   e q u a l   t o   t h a t   f o r   a i r  i s  about 4 percent higher than 
the theoret ical  value of 2.27. This could  be due t o  incomplete water removal. (For no water 
removed, the value is 2.8. ) For example m/n = 2.36 sugges ts  tha t  the  O2 mole fraction (with 
complete H 0 removal) in the exhaust channel should be 21.82 percent. Gas chromatographic 
analysis  of the exhaust gas indicates an O2 f r ac t ion  of 21.7 2 0.6 percent. The diffusion 
column i n   t h e   g a s  chromatograph automatically removes a l l  H 2 0  vapor present i n  the exhaust 
gas sample before analysis.  Equating the O2 mole f r a c t i o n  a t  m/n = 2.36 t o  t h a t  i n  normal 
air  suggests that  approximately 17.9 percent of t h e  H 2 0  produced i n   t h e  combustion process i s  
l e f t   i n   t h e  exhaust stream. 
ce l l  f o r  all C H 4 - 0 2 - a i r  mixtures. 
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TABLE 11.- SUMMARY OF GAS COMPOSITION MEASUFSMENTS 
of C02 a n a l y s i s  is  f l  .O percent ;  accuracy 
of CO and CH, analyses  is  f2.0 percen t  of t h e  i 
J 
s c a l e  r e a d i n g  
bblecular  spec ies  Reference  (room) a i r  
" ~ _ L  
02, percen t  ..... 20.6 f 0.6 
I I 
1 
0.2 1 
0 -03 
1.6 
Test (exhaust)   gas 
b21.7 f 0.6  
30 
c11.8 f 0.6 
0.20 
" 
aThe i n c r e a s e  i n  C02 i n  t h e  e x h a u s t  g a s  r e s u l t s  from 
CH4 + 202 - C02 + 2H20. The residence of O2 i n  t h e  flame determines 
t h e  amount of O2 reac ted   wi th  CH The r e l a t i v e l y  l o w  concent ra t ions  
of CO and CH4 in  the  exhaus t  gas  lnd ica te  h igh  combust ion  e f f ic iency  
and adequate residence t i m e .  I f  t h e  r e a c t i o n  were on t h e  f u e l - r i c h  
s i d e  o f  t h e  s t o i c h i o m e t r y ,  s i g n i f i c a n t  q u a n t i t i e s  o f  CO and CH4 would 
be present  i n  t he  r eac t ed  t e s t  gas .  Obv ious ly  th i s  i s  n o t  t h e  c a s e  i n  
the   p re sen t   i n s t ance .   (See   r e f s .  3 and 4.) 
bThe d i f f u s i o n  column i n  the gas chromatograph automatically 
removes a l l  H20 vapor from the exhaust gas sample before analyzing it. 
Thus, the gas chromatographic value of 2 1.7 f 0 .6  percent  should  be  
compared with 2 1.82 pe rcen t  expec ted  fo r  m/n = 2.36 with complete 
~~0 removal.  (See  footnote b of t a b l e  I.) 
11.6 percent ,  based on complete water removal from the exhaust chan- 
nel.  (For  17.9  percent H20 l e f t  i n  t h e  e x h a u s t  c h a n n e l ,  C02 concen- 
t r a t i o n  i s  expec ted  to  be  11 .2  percent .  (See foo tno te  b o f  t a b l e  I.) ) 
4: 
'This value should be compared w i t h  t h e  t h e o r e t i c a l  v a l u e  of 
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Figure 1. - Schemat i c  i l l u s t r a t ion  of p r i n c i p l e  of operat ion of Z r O  
oxygen sensor .  2 
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( a )  cel l  output  as a func t ion  of oxygen concentrat ion.  
Figure 3 . -  Zirconium oxide oxygen sensor calibration. 
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Figure 3 .- Concluded. 
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( a )  Dependence of Z r 0 2  sensor  output  for  a i r  on t o t a l  p r e s s u r e  i n  t h e  c e l l  cavi ty .  
Figure 4.- Relationship of Z r 0 2  sensor output and cavity pressure.  
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Figure 4.- Concluded. 
THE TEST GAS WAS SWITCHED BETWEEN 
2000 cm3/min (AIR) AND [I600 cm?min (N,) + 400 cm3/min (O,)] 
To = 0.8 Sec 
0 5 10 
RUNNING TIME, SECONDS 
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Figure 5.- Zirconium oxide oxygen sensor response time. 
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Figure 6.- Schematic diagram of Z r 0 2  oxygen sensor  cal ibrat ion with CH4 a i r  combustion products 
mixed with 02. 
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Figure 7.- Systematic diagram of experimental  system for monitoring combustion 
exhaust  gas composition using Z r 0 2  oxygen sensor. 
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Figure 8.- Schematic diagram of modified methane burner. 
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Figure 9.- Stability of Z r 0 2  oxygen sensor output over an extended period. 
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Figure 10.- Schematic diagram of experimental system for switching from a i r   t o  N2 + O2 mixture and 
prehea t ing  the  gases  a r r iv ing  a t  the  O2 sensor. 
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Figure 11.- Schematic diagram of the  modi f ied  sensor  cavi ty .  
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Figure 13.- Zirconium oxide sensor response t i m e  f o r  two d i f f e r e n t  
Nq + 0- a i r  changes. 
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Figure 14.- Oxygen-concentration servo control circuit. 
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Figure 15.- Oxygen-limit alarm circuit. 
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F i g u r e  16.- Schematic  diagram of the oxygen-monitor ing and control  system for  Langley  8-Foot 
High-Temperature  Tunnel. 
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